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ABSTRACT We have identified a member of the steroid
receptor superfamily and cloned it from human and rat
hypothalamus, prostate, and testis cDNA libraries. The open
reading frame between first ATG and terminator TGA can
encode 615 (human) and 596 (rat) amino acids with calculated
molecular mass of67.3 (han) and 65.4 (rat) kDa. The amino
acid sequence of this protein, called TR4 orphan receptor, is
closely related to the previously identified TR2 orphan recep-
tor. The high homology between TR2 and TR4 orphan recep-
tors suggest that these two orphan receptors constitute a
unique subfamily within the steroid receptor superfamily.
These two orphan receptors are differentially expressed in rat
tissues. Unlike TR2 orphan receptors, theTR4 orphan receptor
appears to be predominantly located in granule cells of the
hippocampus and the cerebellum, suggetn that it may play
some role(s) in transcriptional regulation in these neurons.

Orphan receptors in the superfamily of steroid hormone
receptors share with genuine receptors a common domain
architecture and a high degree ofidentity in the DNA-binding
domain (DBD) but have no known ligands (1, 2). Their
functions have been elusive and subject to speculation, but
recently several potential functions have been explored (2, 3).
Ligands for several orphan receptors have been identified
and alternative activation mechanisms and functions have
been proposed. RetinoidXreceptors (RXRs) and peroxisome
proliferator-activated receptors (PPARs) can be activated by
the retinoid metabolite 9-cis-retinoic acid and peroxisome
proliferators, respectively (4, 5). Other orphan receptors may
have no ligands but can be activated by signal transduction
pathways, as has been proposed for TR2 orphan receptor (6,
7). Some are constitutive transactivators, such as TR3/
NGFI-B/Nur77 (8,9), or repressors, such as COUP-TF I and
ARP-1 (10-12). An intriguing property of some orphan re-
ceptors is their ability to facilitate or modify ligand-mediated
signaling by interaction with other members of the steroid
hormone receptor superfamily at the protein or DNA level.
RXRs are essential for signaling by retinoids, thyroid hor-
mone, vitamin D, and peroxisome proliferators through act-
ing as heterodimerization partners for the respective recep-
tors (13). COUP-TF I also has this potential (11). However,
the main route of interference is through direct binding to
response elements of receptors for retinoids, thyroid hor-
mone, vitamin D, and peroxisome proliferators (10, 14) and
the estrogen receptor when its binding site overlaps with an
estrogen response element (15).
These properties make orphan receptors play very impor-

tant roles in signal transduction in complex cell systems and
organs. The nervous system relies on complex cell-cell

interactions and may reveal functions of orphan receptors.
Indeed, several orphan receptors have been detected in the
brain. The orphan receptors TR3/NGFI-B/Nur77 and NurrI
were shown to act as immediate early gene products in
nervous tissues and cells (8, 9, 16), while COUP-TF was
indicated to play a role in the regulation of the oxytocin gene
in the hypothalamoneurohypophyseal system and the corpus
luteum (15, 17). Since the hypothalamoneurohypophyseal
system is a neuronal system of well-known hormonal and
neural integration, we set out to identify members of the
steroid hormone receptor superfamily in this brain region.
Using the hypothalamic supraoptic nucleus (SON) as source
for degenerate PCR cloning, we here describe the identifi-
cation and distribution of a member we have named TR4
orphan receptor.¶ The structure of this receptor reveals that
it specifies a distinct subfamily of the steroid hormone
receptor superfamily together with the TR2 orphan receptor.

MATERIALS AND METHODS
PCR Clont of Ful-Loength Human and Rat TR4 Orphan

Receptor cDNAs. Wistar rats (250-300 g) were decapitated and
hypothalamic tissue including the SON was microdissected
from 2-mm fresh tissue slices with needles of diameter 1 mm
(18). Total RNA (2.5 ttg) was annealed to 1 pg of random
hexanucleotide primers and reverse transcribed with 400 units
of SuperScript reverse transcriptase (BRL) in 20 td of 50 mM
Tris HC1, pH 8.3/75 mM KCl/3 mM MgCl2/10 mM dithio-
threitol/1.25 mM dNTPs at 3TC for 1.5 hr. Then SuperScript
was heat inactivated at 90WC for 5 min, and 30 units ofRNase
H (Amersham) was added and incubated at 3TC for 20 min.
One-tenth ofthe cDNA was supplemented with 50pmol ofthe
appropriate 5' primer and 3' primer and amplified with 1.0 unit
of Replitherm polymerase (Epicentre, Madison) in 50 jd of50
mM KCI/10 mM Tris-HCl, pH 8.3/1.5 mM MgCl2/0.1%
gelatin/200 jtM dNTPs. The degenerate primers were directed
to the DBD of all steroid hormone receptors except those
which contain a P-box with the amino acid sequence Gly-Ser-
Cys-Lys-Val (glucocorticoid, mineralocorticoid, progester-
one, and androgen receptors). The primers were DBD66-100
(5' primer), 5'-GGAGTCGGTACCTG(T/C)GA(G/A)GGCT-
GCAAGGG(T/C)TTCTT-3', and DBD210-238 (3' primer),
5'-TCCTT(G/C)NGCATGCCCACTTCGA(G/A/T)GCAC-
TT-3'. PCR amplifications were carried out by 30 cycles of 1
min of denaturation at 940C; 1 min ofprimer annealing at 3TC
(first 15 cycles) or 450C (remaining cycles), and 2 min of

Abbreviations: SON, supraoptic nucleus; RACE, rapid amplification
of cDNA ends; DBD, DNA-binding domain; RXR, retinoid X
receptor.
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IThe sequences reported in this paper have been deposited in
GenBank [accession nos. L27513 (rat TR4) and L27586 (human
TR4)].
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extension at 75TC. At the final cycle, PCR mixtures were
incubated at 750C for 10 min to obtain full extension of all PCR
products. A 147-bp PCR-amplifiedDNA fragment was further
used as template to isolate full-length human and rat TR4
orphan receptor cDNAs (Fig. 1).
In Siu Hybrizati. In situ hybridization was performed

with 35S-labeled cRNA probes according to a well-
established protocol for the brain (19) with minor modifica-
tions as outlined below. Cryostat sections (16 pam) from
frozen rat brain were mounted on poly(lysine)-coated slides
and stored at -800C. Slides were placed at room temperature
for 20 min and fixed in freshly prepared 4% paraformalde-
hyde in phosphate-buffered saline (PBS) for 5 min. The slides
were washed twice with PBS for 5 min and transferred to
0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0) for
10 min. This was followed by washing in PBS for 5 min and
in 0.83% NaCl for 5 min. The slides were dehydrated slowly
by immersing them in 30%, 50%, 70%o, 85%, 96%, and 100%o
ethanol. The dehydrated slides were delipidated in chloro-
form for 1 min and washed in 100%6 ethanol again. The slides
were air dried and used for hybridization on the same day.
An 35S-labeled rat TR4 orphan receptor cRNA probe was

synthesized by in vitro transcription. As controls for non-
specific binding, a 50-fold molar excess of unlabeled tran-
script was used to compete with the specific signal, and
comparisons were made in parallel experiments with 35S-
labeled cRNA probes of similar G+C content for COUP-TF
I and ARP-1. Hybridization was performed in 50% forma-
mide/2x standard saline citrate (SSC)/10%o dextran sul-
fate/i x Denhardt's solution/5mM EDTA/10mM phosphate
buffer, pH 8.0/100 mM dithiothreitol containing yeast tRNA
(0.5 mg/ml) and 35S-labeled cRNA probe (106 cpm per
section). The solution was heated at 80°C for 2 min and cooled
on ice prior to being applied on slides (75 pI per slide). The
slides were covered with coverslips, placed in a plastic slide
box and incubated overnight at 50°C. Slides were then
washed in 200 ml of 5 x SSC/10 mM dithiothreitol at 65°C for
30 min for coverslips to fall off. High-stringency washing was
performed in 50%o formamide/2x SSC/10 mM dithiothreitol
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FIG. 1. Strategy of cloning full-length human and rat TR4 orphan
receptor cDNAs. Two degenerate oligonucleotide primers 5' and 3'
were used toamplify the DBD ofTR4 orphan receptor from rat SON.
The amplified 147-bp fiagment (SOF-1) was used to design primers
(#2, 5'-GGAGTGTGAGGAAGAATCTG-3'; #1, 5'-ACCTATAGC-
TGTCGTAGCAG-3') for the nested rapid amplification of cDNA
ends (RACE)-PCR (21) with primer C1 plus oligo(dT) (5'-
AAGGATCCGTCGACATCGAT-TTTTTTTTTTTTTTTT-3').
Three PCR products were obtained (TR4, TR4-P, and TR4-'y). The
amplified 627-bp fiagment of TR4 orphan receptor cDNA was then
used as a probe to clone the full-length human and rat TR4 orphan
receptor cDNAs (encoding 615 and 596 amino acids, respectively, as

shown) from human prostate and testis as well as rat hypothalamus
and prostate Agtll libraries.

at 650C for 30 min. This was followed by three 10-min washes
in NTE buffer (0.5 M NaCl/10 mM Tris-HCI/5 mM EDTA,
pH 8.0) at 37(C. The slides were treated with RNase A (20
pg/ml) in NTE buffer at 370C for 15 min. The high-stringency
wash in 50%o formamide/2x SSC/10 mM dithiothreitol at
650C was repeated. The slides were washed at room temper-
ature in 2x SSC and in 0.1x SSC for 15 min each and then
dehydrated quickly by putting them through 30%, 60%, 80%,
and 95% ethanol containing 0.3 M ammonium acetate, fol-
lowed by 100% ethanol, twice. Slides were then air dried and
exposed to Kodak X-OMAT AR autoradiography film for 3
days. For microscopic analysis, the slides were dipped in
Kodak NBT2 autoradiography liquid emulsion and exposed
for 6 weeks or longer and counterstained with hematoxylin.

RESULTS AND DISCUSSION
PCR Amplificato and Isolathn of Fufl-Length cDNA for

Human and Rat TR4 Orphan Receptors. Reverse transcrip-
tion-PCR on RNA from microdissected SON tissue using
degenerate primers directed to the DBD of steroid hormone
receptors resulted in a single band of 145-180 bp. Since the
two zinc fingers for most steroid hormone receptors are
encoded by separate exons (20), this indicated that the PCR
products were derived from spliced transcripts. Sequence
analysis ofPCR-amplified material cloned in a plasmid vector
revealed an unknown sequence of 147 bp homologous to the
DBD of the steroid hormone receptor superfamily that was
encountered in 1 of every 5 clones. This product was tenta-
tively indicated as supraoptic factor 1 (SOF-1, Fig. 1).
Comparison of the predicted amino acid sequence of SOF-1
with other members of this superfamily revealed the highest
degree of similarity (82%) with rat and human TR2 orphan
receptor, an androgen-repressed orphan receptor isolated
from prostate and testis (1, 6). To obtain further 3' sequence,
nested RACE-PCR (21) with two primers from SOF-1 se-
quence was applied. Three PCR DNA fragments were ob-
tained from rat hypothalamus, prostate, and testis. The
627-bp fragment revealed further homology to the TR2 or-
phan receptors. SOF-1 was therefore renamed as TR4 orphan
receptor. This fragment was then used as a probe to clone
full-length cDNAs by screening of human and rat prostate,
testis, and hypothalamus Agtll libraries.
The two additional PCR DNA fiagments obtained by

nested RACE-PCR (TR4-( of 969 bp and TR4-y of 872 bp)
overlapped partly with the 5' end of TR4 orphan receptor
cDNA. The point ofdivergence corresponds precisely with a
spliced junction in the human TR2 orphan receptor gene
(unpublished data). TR4-# and TR4-y harbor various stop
codons and may well represent partially spliced transcripts of
the TR4 orphan receptor gene.

Restriction enzyme mapping showed that isolated clones
had overlapping sequences to form a 2.6-kb human TR4
orphan receptorcDNA and a 3.6-kb rat TR4 orphan receptor
cDNA. The open reading frame between the first ATG and
terminator TGA encodes 615 and 596 amino acids for human
and rat TR4 orphan receptors with calculated molecular mass
of 67.3 and 65.4 kDa, respectively (Fig. 2). Upstream of the
first ATG codon is an in-frame terminator (TGA) indicating
that this ATG may be a natural initiator in the rat TR4 orphan
receptor. In the 3' untranslated region, a eukaryotic poly-
adenylylation signal (ATTAAA) was present at nucleotides
2222-2227 in human TR4 orphan receptor cDNA and at
2246-2251 bp in rat TR4 orphan receptor.
Human and rat TR4 orphan receptors have an identical

amino acid sequence in the DBD with 19 nucleotide differ-
ences (Fig. 2). The homology in the C-terminal domains of
human TR4 and rat TR4 is 98%. This region corresponds to
the putative ligand-binding domain in other steroid receptors.
Human TR4 and rat TR4 differ in the N-terminal region in 4
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h-T:KTCCM1CCC3GCC CCOTCOCACOCAACGACOGOTCCOCCGCTCCGCGGCOCGCCGCAMACOTOAOCCT
r-TR4 1:GATOCCAAAAGCGTCAAAAACTTCTGCAATCGGTAAAACCOTAOAMCCGTACCCMO

h-TR4 169: GCA A6? CCT? GAG OTA ACA COT ACA CAG ACC TCT COG CCG GAA TCT CCA 000
r-TR14 ii9: JTCC TCG --- TT--- C--

h-TR4 l: met thr mer pro mar pro erg ile gin jim jim ear thr amp ear ala vai ala mar pro gin erg ile gin gly ser giu pro ala. mar gly pro leo mar val ph. thr ear leo aan lye giu
h-TR4 223: ATG ACC AGC CCC TCC CCA COC ATC CAG ATA ATC TCC ACC GAC TCT OCT OTA 0CC TCA CCT CAG CGC AT? CAG GGC TCT GAA CCT 0CC TCT OOC CCA TG AGT GTT TTC ACA TCT TO A6C MAA GAG
r-TR4l172:- -G----------T----------G---CG-
r-TR14 1-erg- em.

h-TR4 43: lye iie vel thr esp gin gin thr gly gin lye jim gin jim vel. thr ele vel esp ele maer gly ear pro lye gin gin pha ile leu thr ear pro asp gly el~a gly thr gly lye vel jim
h-TM4 349: MO AT? GTC ACA GAC CAG CAG ACA 006 CAG AMA ATC CAG ATA OTC ACC GCA 0GM GAC 0CC TCC 006 TCC CCC AMA GAG CAG TTC ATC CTG ACC AGC CCA OAT 006 OCT 006 ACT 000 MAG GTG ATC
rrR-2TA - G C-A-A-----GC-----T- T----TA-A---
r-TR4 25: - -----lauo-e------------------

h-TR4 95: lao ala ser pro glu thr ear ear ala lye gin leu ile phe thr thr ear amp can leo val pro gly erg jim gin ile val thr amp serraia mar val. giu erg leo lao gly lye thr amp
h-TR4 4751 CTG OCT TCC CC6 GAG ACA TCC AGC 0CC MAG CMA CTC ATA TTC ACC ACC TCA GAC MAC CTC 0CC CCT GOC AGO ATC CGA ATT 0CC ACO OAT TCT 0CC TCT GTG GAG COT TTA CTG 000 MOG ACG GAC
r-TR4 367: -T - -T------G--T- -C----------T--------A--G------GA
r-TR4 66----------------------------------------ala-

h-TR4 127: val gin erg pro gin Val val, gi tyr cye val val, cym gly amp lye ala ear gly erg him tyr gly ala, val. mar cym glu gly nym lye gly phe pha lye erg sear val arg lye ama leu
h-TR4 601: TC CGAG COG CCC GAG GTG GTA 00TAC T0C 0CG GTC TOT GOC GAC AMA 0CC TCC GOC COTCGAC TAT 000 OCT GTC AGT TOT GMA GGT TOC AMA 00T TIC TIC AMA AGG AG? 0GT AGG AMA MT TTG
r-TR4 493: - 0 -T--------T---A--G--

h-TR4 169: tr tyr mar cym erg mar mar gin amp cym jim im casn lye him him erg ceo erg cym gin phe cym erg lao lye lye cye lau gi meat gly meat yemet gao ear val. gin mar gin erg
h-TR4 727: CC TAC AGC TOC COG AGC AOC CMA GAC TIC ATC ATC MAT AAA GAT GAC COG MAC CGC TIC GAG TTT TIC CG0 CTG AMA AAM TIC TTA GAG ATG GOC ATG ATG GMA TCT 0CG GAG AGT GMA COG
r-TR4619: -T --T--T--C --G --C --C - -C--------G--G --- C-G --C -- 0-0G--- -A -
r-TR4 150:------------------------------------------

h-TR4 211: lye pro phe amp val gin erg glu lye pro ear aen cym ala ala ear thr glo lye jim tyr jim erg lye amp leu erg mar pro leu jim ala thr pro thr phe val ala amp lye amp gly
h-TR4 813: MG CCC TTC GA? GTG CMA COG GAG AAM CGA AGC MAT TGT GCT OCT TC6 ACT GAG AAM ATC TAT ATC COG AMA GAC CTG AGA AG? CCC CTG ATA OCT ACT CCC ACO TTT 0CG OGA GAC AMA OAT OGA
r-TR4 745: -T--C ------0 -T ------C ---A

h-TR4 253: ala erg gin thr gly lao lao asp pro gly net leu vai &an jim gin gin pro leo jim erg gin amp gly thr vci leo lao ala thr amp ear lye ale glo thr nor gin ply ale leu gly
h-TR4 979: OCA AGA CMA AGA GOT CT? CTT OAT CGA 000 ATG CTT GMO MC ATC GAG CAG CCT TTG ATA COT GAG GAT 00? AGA 0TT CTC CTG 0CC ACO GA? TCT MAG OCT GMA AGA AGC CGA 006 OCT CTG OGC
r-TR4 871:T- 0----?G--A--T T---------C ------------A------A --?
r-TR4 234: ear --------------him--------------------------

h-TM4 295: thr leo ala can vaci val thr mar leo ala aen lao ear glo ear lao can can gly amp thr mar gin jim gin pro glo amp gin ear ala ear glo jim thr erg &al phe asp thr leo ale,
h-TR41105: AGA CTG OCA MAT 0CA GTI ACC TCC CTT 0CC MC CTA AG? GMA TCT TTO MAC MAC GOT GAC ACT TGA GMA ATC GAG CGA GAG GAC GAG TCT OGA AG? GAG ATA ACT COG OCA TI'? GAT ACC TTA OCT
r-TR4 997: -T -G-----G-----------0- -T ---TOG- 0--A --T--A --------
r-TR4 276: ---------- ------ala me- --eat----

h-TR4 317: lye ale leu can thr thr amp maor ear mar ear pro mar lao ala amp gly ile amp thr ear gly gly gly ear jim him val jim ear erg amp gin ear thr pro jim ile gin val glo gly
h-TR41231: AAA OGA CT? MAT ACC AGA GAC AGC TCC TCT TCT CGA AGC TTG OGA GAT 000 ATA GAC ACC AG? 006 OGA 000 AOC ATC GAC 0CC ATC AOC AGA GAC GAG TCG AGA CCC ATC ATT GAG OTT GMA OGC
r-TR41123: -T--T G-T --AC------C---T G-T - -T---T - -T----A ----------A--C ----
r-TR4 319---------ala - pro--------ala-

h-TR84 379: pro leo leo mar amp thr him val thr pha lye leo thr met pro ear pro met pro glo tyr leo can vai him tyr jim cye plo mar ala ear erg leo leo phe leo mar met him erg ala
h-TR41357: CCC CTC CT? TCA GAC AGA GAC OTC AGA TTT MAG CTA AGA ATG CCC AG? CGA ATI CGA GAG TAC CTC MAC GTI GAC TA.C ATC TOT GAG TCT OCA TCC COT CTG, CT? TTC CTC TCA ATI GAC COG OCA
r-TR41249: --T------------T - -T------T --T - -T --A --T------C - -C ----------C-----T-
r-TR4360----------------------------------trp-

h-TR4 421: erg ear ile pro ala. phe gin ala. leo gly gin amp cye can thr ear leo val erg &al cym trp can plo leo phe thr leo gly leo ala gin cym ala gin vcl mat ear leu ear thr jim
h-TR41493: 600 TCA ATC CGA 0CC TT? GAG OCA CTT 000 CAG GAC TIC MAC ACC AGC CT? OTG COG 0CC TIC TOG MAT GAG CTC TIC ACC CTC GGC CTG 0CC GAG TI? 0CC CAG 0CC ATG AG? CTC TCC ACC ATC
r-TR41375 ------------C --------A -------T-0----G--A------------------T--T-
r-TR4 402:

h-TR4 463: lao ala ala jim val aen him leo gin can ear jim gin gin amp lye leo mar gly amp erg jim lye gin vci met glo him jim trp lye leo gin gin pha cym can mar net ala, can trp
h-TR41609- CTI OCT 0CC AT? 0CC MAC GAC CTG GAG MAC AGC ATC GAG GMA GA? AMA CT? TCT GOT GAC COG ATA MAG CMA 0CC ATI GAG GAC ATC TOG MOG CTG CGA GAG TTC TOT MAC AGC ATI OCG MAC TOG
r-TR415 1 --- A ----A------T--A-0-A--ACT-- -- - -- - - - - - A T

h-TR4 505: amp jim asp gly tyr gin tyr ale tyr lao lye ala jim vcl leo phe ear pro amp him pro gly leo thr ply thr nor gin ile gin lye ph. gin gin lye ala. gin meat gin leo gin amp
h-TR41735: GA? ATA GA? GOC TAT GAG TAT OCA TAC CT? AMA OCT ATA OTT CTC TT AGC CCC OAT GA? CCA GOT TTO ACC AGC AGA AGC GAG AT? GMA AMA TC CMA GML MAG OCA GAG ATI GAO TG GAG GAC
r-TR41627- ----C--TC----C--T - -AG---G---T --G --G ----------A--A --A ---

r-TR4 486: - - - - him ----------- masr-

h-TR4 547: tyr val gin lye thr tyr ear gin amp thr tyr erg leo ale erg jim leo val erg leo pro ala leo erg leo meat ear mar cen ile thr glu gin lao ph. ph. thr gly leo jim ply aen
h-TR41961: TAT OTT GAG AAA ACC TAC TCA GML GRC ACC TAC CGA TG 0CC COG ATC CTC OTT COC CTO CCG GGA CTC AOG CTO ATI AGC TCC MAC ATA AGA GMA GMA CT? TTT TT AC? GOT CTC AT? GOC MAT
r-TR41753: - 0 ---A--------A-A---A-------T--A-T--C - A - T - T--A -- - ---

r-TR4 528:------------------------------------------

h-TR14 5899 val mar jim amp ear jim jim pro tyr jim leo lye meat gin thr ala plo tyr can ply plo jim thr gly val mar leo stop
h-TR41997: GT? TOG ATA GAC AOC ATA ATC CCC TAC ATC CTC MAG ATI GAG AGA OCA GAG TAT MAT GOC GAG ATC ACC 006 GTC AG? CTA TAG
r-TR41879: -A - -T --------A------------A- ----

r-TR4 570------------------------ala, - - stop

h-T420:CRAACCCCT4C2071CGACCTCGNCGTACTCLAkAGAOGTTTOTIMAAATCAAarACATCTTTGTTTCTTT7rATOAAAT
h-TR42221:OCAAI2A&&AGACTAGTGOGATCCTTCCTGACMAMAM

PolyA-signal
r-TR1MTCCACAC1TCAC963AOCCTGATTOAGGGGGAGATGACGGTGOGAAGTTCGGGACCTTTTACCGCAAOACGAAGGAA
r-TR4132TCTCTCCAGAA1TTAACTT13AOAATTGACACTTATCATOATAAATCCAGOAAAAATC~ATTATA(TJGGC

PolyA-signal
r-T26:GARGTTTTATCTTAAAA4GCTG22TAT6TCATACA3TAGTOACTCAGATACAACTAACTCTGOAAOCATGAATCCCTGCA
r-TI42413 TOCTATGATTCTGTGACACAGGAGACAATCGTCCACTTATAGCGGCCOCTTCTAOCTGTO;TGCATOTAGTOCTGCCTMATCTO;TGTOGTCTOCATOTOTGM

FiG. 2. cDNA sequences and deduced amino acid sequences of human (h) and rat (r) TR4 orphan receptors. The nucleotide sequences and
the deduced amino acid sequences are numbered on the left. The rat TR4 orphan receptor residues that are identical with hTR4 orphan receptor
residues are shown by hyphens. Gaps have been introduced to obtain an optimal match. The missing residues are shown by dots. The amino
acid sequences in the putative DBD are boxed. An in-frame TGA terminator ahead of the first ATG of rat TR4 orphan receptor is also boxed
and a eukaryotic polyadenylylation signal (ATTAAA) is underlined.

out of 114 amino acids. The overall homology between
human and rat TR4 orphan receptors is 98%.
The most striking feature ofthe TR4 orphan receptor is the

high homology with the TR2 orphan receptor (Fig. 3). The
homology between these two orphan receptors in N-terminal,
DBD, and ligand-binding domains is 51%, 82%, and 65%,
respectively. The overall homology of65% between TR4 and
TR2 orphan receptors, which is higher than for any other
member of the steroid receptor superfamily, indicates that
TR4 and TR2 orphan receptors form a separate subclass of
the superfamily. Examination of structural relationships of
the DBD ofthe TR4 orphan receptor with that ofother family
members shows the segregation of TR2 and TR4 orphan
receptors in a subclass that has the RXRs as closest relatives
followed by the COUP-TF/ARP-1 subclass (Fig. 4). RXRs
andCOUP-TFs share their preference for binding to response
elements composed of a direct repeat of the motifAGGTCA
with 1-nucleotide spacing (DR1 element) (10, 11). It will be of
interest to find the binding specificity of the TR4 orphan
receptor to response elements in the target genes.

Size of TR4 Orphan Receptor mRNA and Its Tissue Distri-
bution. The size of the TR4 orphan receptor mRNA was

determined by Northern blot analysis (Fig. 5). One 8.4-kb
band was detected in most of the examined tissues except for
spleen (4.5 kb). The smaller size of the TR4 orphan receptor
mRNA detected in spleen may suggest that two types ofTR4
orphan receptor mRNA exist. The tissue distribution in rat
showed that TR4 orphan receptormRNA is most abundant in
the rat central nervous system. Using hypothalamus as 100%,
our Northern blot analysis showed the following relative
amounts in other tissues: adrenal gland, 35%; spleen, 34%;
testis, 33%; thyroid gland, 27%; prostate, 17%; and pituitary
gland, 8%. No signal was detected on Northern blot for
epididymis, seminal vesicle, submaxillary gland, heart, kid-
ney, lung, and liver; PCR amplification, however, was able to
detect a clear band from these tissues (data not shown). In a
separate experiment, we were able to amplify a very strong
TR4 orphan receptor signal from hippocampus.

In situ hybridization in rat brain showed labeling through-
out the hypothalamic area (Fig. 6A) as well as the thalamic
and cortical areas (Fig. 6A and B), which indicated that TR4
orphan receptor is widely expressed in the brain. However,
the most intense labeling for TR4 orphan receptor transcript
was seen in distinct cell layers of the hippocampus and
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h-TR4 1: GAATTCOCCCGCTCCCACCTCGGCCTCTCGTCTCTCGCCCGCTGCCCCQCCAGCCC

h-TR4 lo met thr ser pro ear pro arg ii. pin ile ile ear thr amp ser ala val ala. ser pro plo arg rim glo ply ser piru pro ala ser gly pro leu ser ral phe thr ser leou aan lye
h-TR4 223: ATG ACC APC CCC 7CC CCI COC ATC CAG ATA ATC TCC ACC GAC TCT OCT OTA GCC TCA CCT CAG CCC ATT CAG CCIC TCT CIA CCT OCCC TCT CCC CCA TTC AGT CCT TTC ACA TCC TTG AAC MAA
h-TR2 127: --P-A -C- ATA PAA PA- ATT PCI CAT --A --T --T PMA CMA C-P ATG -PA -AG 0 ~ 000000000000 0
h-TR2 1. - ala tlir ile piu giu ile ala his - - - plo pin pin met ply plou o e e o o e e o o oo o o o o o o o o o

h-TR4 42: glu lye ril val thr asp pln gin thr piy pln lye ii., pin ile, val thin ala oral amp ala ser gly mer pro lym gin gln phe ile leu thin oer pro amp gly ala ply thr piy lye vral
h-TR4 346: PAP MG ATT GTC ACA GAC CAP CAP ACA PGA CAP AMA ATC CAP ATA GMC ACC OCA GTC CAC CCC TCC CPA TCC CCC AMA CAP CAC TTC ATC CCC ACC ACC CCA CAT CPA OCCC CPA ACC CCC AAG CCC
h-TR2 181: -T - PG--A --T G---------P- -T --G--A --- C-T --T CAMT ACC CAA G- --G -----T----A-AT -AC--C--C T--ACTCC-A A-C--A --C
h-TR2 19: romm - lu ---ieu- hiseauothrpglnopy- --- asnhis- - emr thrproner - -

h-TR4 94: ile leu ala see pro plu thr nor ner ala lye00g00 0 e o o o o 0 0 0 lo leo jim phe thr thr oer amp amn leu oral pro ply arp rim plo rim oral thr
h-TR4 472: ATC CCC OCT 7CC CCA PAP ACA 7CC ACC CCC MOmmmo00 0 e00AGmo00 o ~ 0 CMA CCC ATA TTC ACC ACC TCA PAC MAC CCC PTC CCT CCC AGO ATC CAP ATT CTC ICC
h-TR2 308: --T---C AGO -A- --7 7-C A-T CCC -PA --A OTT TCC CTT ACA ACT CCA PAT PCA CCA CCC CCC MAC --P 7-A 7-7 -T7-- 7 C-T --7 CTCG0 0 0 m 0 o o o o m
h-TR2 1O: -- - arppilnampsemrthr propiy - val pheleo thr thr pro asp alaaleply ral moon - phe - - - pro lmeou o oo000000mo o o o

h-TR4 116: amp &or ala eeororal plo arg leo leo ply lye thr amp oral glo arg pro plo oalVaorl 0000 lu tyr rye oral oral rye ply amp lye ala ser ply mop his tyr ply ala oral
h-TR4 162: PAT TCT PCC TCT CCP PAP COT TTA CTG POP MAG ACOGPAC GTC CAP COP CCC CAP PTG PTAG0m ~ 0 TAC 7CC CCC GC7 TCT CCC PAC AAA CCC TCC CCC CCC CAC TAT CCC OCCC OCC
h-T82 394: --ACM CAC CT- -AGPC-C --A tmm'--A --TMATTCT -CAGA- --A-PGA CC-MATMCCGOTTT -TCCTT--C --A --A --A.--- -A --A --A-7-- -A --A --A
h-TR2 90:mo - glo him leo gin mm o - -mn ser pro ap- ply pro ago lye val ph. --7 CTT --C --A --A --A.--- -A --A --A -- 7-- -A --A --A

h-TR4 112 ocr rye plo ply rye lye ply phe ph. lye arp ser oral amp lye mao leo thr tyr ocr rye arp ser ser pl amop rye rim rim moo lye hrs him arp amn arp rye pin phe rye arp leo
h-TR4 676: P OT7C PMOCT TGC AMA GOT TTC TTC AAM APP APT GTG APP AMA MT TT0 ACC TAC AGC 7CC CCC ACC ACC CIA PAC TCC ATC ATC MAT AAA CAT CAC CCC MAC CCC TCT CAC 777 TCC COG CTG
h-TR2 129:-C------C ---A --T --T --A --C A-C C-A------A IT --T TCA --T--ACG-A TCA A-C--T --T --T --T-C--G--C ---A --------A-AC--A--T-A
h-TR2511:thr ----------- ile- - - - Val - - - -pgly - lye-- ----------ty

h-TR4 194: lye lye rye leo plo met ly met lye met plo ocr val plo ser plo amp lye pro phm amp oral plo arp plo lye pro ocr moo rye aim ala ocr thr plu lye rim tyr jim arg lye amp
h-TR4 902: A C TTA PAP ATG ATO AAM ATO, PMA TCC GP CAP APT PALA COG MCG CCC TTC PAT CCC CMA COG PAC AAA CCA ACC MAT TG7 CCC CCC TCA ACT PAC AAA ATC TAT ATC CCC AAA PAC
h-T82 637:C-G-P---T A-T -C- T-T -A-P--GCMA--C---C --A T--- A-A --A --- A-T --A --A TC- --A --A --- T-T TC- --C ---C ------A--A ----------
h-Tr2 17i2plogp- ile alaphe - - -plonasp - - -rcye- - - - ilepglu- ocr - - - ocr-

h-TR4 236: leo amp ocr pro leo ile ala thin pro thin ph. oral ala asp lye amp ply ala amp pin thin ply leo leo amp pro ply met leo oral moo ile plo plo pro leo rim arp plo amp ply thin
h-TR4 928: C7C APA APT CCC CTP ATA OCT ACT CCC ACP 777 GTP OCA PAC AAA PAT CCI OCA APA CMA ACA GOT CTT CTT PAT CCA 0CC ATG CTT CCC MAC ATC CAC CAC CCT 770 ATA CCC PAP PAT 0CC ACA
h-7R2 763: --T C-T --C --A T-A -CT --A ---A --T ---A A-- --T -PT--A A-?TA-- --GC- ---A --CT-A --- T-- --A --- T-C A----T --T --T -CA T--CPGAC-- AAAACTC--GTCACG-T
h-TR2213:- -thr- -thin - serpiou er thr - ocr ---- -phemet - -his pro serply ralilyethrpioosr ala

h-TR4 278r oral leo leo ala thin asp ear lye ala plo thr eer pin ply ala leo ply thr leo ala moo val oral thr ocr leo ala &an leo ocr glu ocr leo mun ...00 ..0 ... ... ... 0..00
h-TR41054: OCT CTC CTG 0CC ACP PAT TCT MPG OCT PMA ACA APC CAP GPA OCT C7C POC ACA CTGOCCA MAT CCA CCC ACC TCC CTT 0CC MAC CTA ACT PMA 777 TTC MC 000 00000 000 000 000 00000
h-TR2899: --GC--GA-- A-A T-A --- 0 -------T-- T-T - -A- T-A A-T --- T-- --C -- C-G--T --A --A T-A --C---TC-T-AA-A--A-AAC-TTCTT7TCTCMMAT ACCTPA MATG
h-TR2 255:- met thin sem -e000s -sr- - --ar-y- -amp---ar-lyilyothr lyo ampimom erpionasn emrmaoplomet

h-TR4 312; s0u0n000000000 o ply mop thin ocr plo jim pin pro plo amp plo ocr &ai ocr plo jim thin00 arg ala phe mop thin leo ala lye ala leo mon thin thr amp ocr ocr
h-TR41156: AA0 000000 0 C 0CC PAC ACT TCA PMA ATC CAP CCA PAP PAC CAP 777 GCA APT PAC ATA ACT 00CCC PCA 777 PAT ACC TTA OCT AAA CCA C77 MAT ACC ACA PAC ACC 7CC
h-TR21012-TCT ATG ATTCMAAAC TA AOC--T -A- --T--C --T7TTG -A7?TTC--A -AAT-CCA -C -AC -GCGATCT- TCAA- -C --T C-T --A - T-GP--- C-TC- --C--- A-A
h-TR2 296: ocr met jim plo ocr leo ocr - mop - - - leo rye plo ph. plo plo met pin thr moo ply amp oral ocr- -po ply plo - thm

h-TR41258: 777 7CC CCA ACC 770, GCA PAT PPP ATA PAC ACC APT CCA PCI POP APC A7C CAC P77 ATC ACC APA PAC CAP TCC ACA CCC ATC A77 PAP P77 PMA CCC CCC CCC CTT TCA PAC ACA CAC CCC ACA
h-TR21139P-C -OC -AG,--C -CA -TA -CG --C --G --A m000 -A-TCCTA 0--- C-A---CTCP----T TCAAGCC-T-MAT TA--CC --A AAA--GP--G--A --T--C AGC--TT-- --T --A -

h-TR2 338: alarcys.plo - ocr val ala - metpglo 000000 r-cval00 - leou thr gly - ser - rlemasntyrmthr - lye-- - ae la

h-TR4 388: ph. lye leo Ohm met pro ocr pro met pro plo tyr leo msn val his tyr ile, rye plo ocr &ai ocr amp leo leo ph. leo ocr net hoe amp ala amp oem rim pro ala ph. plo aim leo
h-TR41384: 777 MC CTA ACA ATG CCC APT CCI A7C CCA PAP TAC C7C AAC OTP CAC TAC ATC 7CC PAP TCT OCA 7CC CCC CCC C77 777 CTC TCA ATG CAC CCC OCC AGG TCA ATC CCA CCC 777 CAP CCA CTT
h-TR21243:--C -CC--C --C ---TTC- --T -- 7-PT-------T -----T --TPG-G-----P-G--- A-A-P--G--- T-A -----7--T CTT --GP--T --T T-T--C--7T--A
h-TR2 373: - amp- ----- -p--ly- ----- -top -leo- - - c- - -se

h-TR4 430: ply pin amp rye men Ohm eer leo oral amp ala, rym trp mon pilu leo phe Ohm leo ply leo ala pin rye ala pin oral met oer leo ocr Ohm ile leo aim aim nle oal moo his leo pin
h-TR4151: POPG CAP PAC 7CC MAC ACC AOC CTT GTG COG 0CC 7CC T00 MAT PAP CCC TTC ACC CTC POC CCC 0CC CAP 7CC CCC CAP CCC ATG ACC CCC TCC ACC ATC CTG OCT CCC A77 CCC MAC CAC CTG CAP
h-TR21369:----A --AMA- -P -TA TCA --G--- AMA--T-A------A --T --T --T--T--T--T-----C TG--A --G--- -A-G-AG-A --T --A T-A--AA-AT- -T TOT --T --C
h-TR2 415: - - piomaonmer ile - - - lye - tyrm --- top - - -mocnoral ala - - - - throphe - -rcys - his

h-TR4 472: men ser jim pin plo amp lye leo oem ply asp amp rim lym pin oral met plo hro rim top lyo leo pin plo phe rye moo ser met ala mon top mop rim asp ply tyr plo tyr ala tyr
h-TR41636: MC ACC ATC CAP PMA PAT AAM CTT 7CC CCT PAC CCC ATA MCG CMA CCC ATG PAP CAC ATC TOP MCG CTG CAP PAP 777 7CC MAC ACC ATG GCC MAC 7CC CAT ATA PAT 0CC TAT PAP TAT GCA TAC
h-TR21495: --T --T C-T --AC-- A-G --A ACA --A A-A -G---A T- T-G - 7-TC-A --A ---- 7--T7T--AC7TCTC --T ----A--C --A---C ---
h-TR2 457: - - leo-pin- -met - throplo- amp - leoleo- - - - phe- al lyoleoocyo-

h-TR4 514: leo lye ala ile oral leo phe oem pro mop his pro ply leo Ohm ear Ohm ear pin rim plo lye phe pin plo lye ala pin met plo leo pin mop tyr oral pin lye Ohm tym ser pilu mop
h-TR41762: CT AAA OCCC ATA OTT CTC TT7 ACC CCC PAT CAT CCA 0CC 777 ACC ACC ACA ACC CAP ATT PMA AAA TTC CMA PM MP WCA CAP ATO PAP 77P CAP PAC TAT OTT CAP AAM ACC TAC TCA PMA PAC
h-TR21621:--GO--G--A ---A----C--T --A-------A-C C-APMAA-A- -TG A-T- --A G-P- 7--CTG-- -T T-TG-- --A --C--A --T---AA-AACC ----
h-TR2 499: ------ er- glasunmetpluieu -----tr al - phe - - - rile hr - -pro asp -

h-TR41889: ACC TAC CPA TTG 0CC COO ATC CTC 077 CCC CTG CCG OCA CTC ACC CTG ATO ACC 7CC MAC ATA ACA PMA PM CT? T77 TT7 ACT GOPT CCC ATT POC MAT 0TT ?CC ATA PLC AOC ATA ATC CCC TAC
h-TR21747:-----A-G--A T--A-A C-A--AC-C A-A T----A --TT-A --A------ATG-T -C- --C--T -----7G---P- C-M- A-A COA.--T- 70-7- -A C-T
h-TR2 541:- -s - leo - leou- ---man ala thin- -lye - -----il le amp - - - Val - -his

h-TR4 198: ile leo lye met plo Ohm ala plo tyr men ply pin ile thin ply oral ocr leo STOP
h-TR42014: A77 CCC MOG ATO PAP ACA OCA PAP TAT MAT 0CC CAP ATC ACC CCA CCC APT CCA TAP
h-TR21873: --TT-G --A ---- C-T - 7T -C TCC--A --A -T--T CA- --CA-T ---

h-TR2 583-o- am- -proser - - rim - his - - STOP

h-R27:CCACCCCCTC7GACCAAATCTCAGCGTAAAAAGRATGGTTT42AGGAAATTCTTTA0TCCGC71TCTTCGTACCCWATOAZA"ATG
polyA-signal

h-R127RCGGCTCGGTT2CTACTA19CTGCGACCAAACATGACCCGTTGGCTTCG2TTTCT7AATACGCATTTTTATTOTCCTAGATTGATATG

h-TR42239: AGGPAT7CCTTCCTGACAAMAAAAAAAAAAAAA

h-R29:CG7AGA8AT2T2TT0CTCGTCTTAA9AAG4CCTCATTTCTGGAGTAACGACTTACCTATTCAATACCCTCTTTAAACUULTCCCT7-C
GAMAAAAAAAAAAAAAA polyA-signal

FIG. 3. Nucleotide and deduced amino acid sequences ofhuman (h) TR2 andTR4orphan receptors. TR2 residues identicwithTR4 residues
are shown by hyphens. To get a maximal match, the missing residues in the gaps are shown by dots. Putative DBD is boxed.

cerebellum (Fig. 6 B and C). Additional labeling of the
habenula was seen (Fig. 6B). Two sets of control experi-
ments were used to show the specificity of the in situ
hybridization signal. First, in the presence of a 50-fold
molar excess of antisense TR4 cRNA, no hybridization
signal was obtained. Second, hybridization with 35S-labeled
cRNA probes for COUP-TF I and ARP-1, which were of
similar G+C content and were hybridized under identical
conditions, resulted in completely distinct hybridization
patterns. Microscopic darkfield and brightfield examination
of counterstained sections revealed that TR4 message was
located in the granule cells in the hippocampus and cere-
bellum (Fig. 6 D-G).
The results indicate that TR4 orphan receptor transcripts

do not exist only in the hypothalamus, the brain region from
which it was initially amplified. It appears that TR4 is
widely expressed at moderate levels throughout the brain
and at high levels in granule cells of the hippocampus and
cerebellum. These granule cells are small, densely packed
neurons that have no direct functional properties in com-
mon. However, they share developmental aspects. Granule
cells arise relatively late during brain development and

undergo postnatal neurogenesis (22). It is not known
whether they have a common embryonal origin. The high
abundance of TR4 orphan receptor mRNA may be a con-
sequence of the proliferation state of the granule-cell types
in hippocampus and cerebellum or be related to a common
regulatory function of TR4 orphan receptors in these cells.
In either case, the abundant expression of the putative
transcription factor, TR4 orphan receptor, suggests that
these different neurons share certain cellular activities
mediated by this orphan receptor. It is of interest that
another gene (c-src) particularly associated with neuronal
plasticity has a similar expression pattern. These properties
may make the TR4 orphan receptor a suitable candidate to
delineate functions for orphan receptors in the nervous
system. As such, it may serve as a prototype for other
orphan receptors, such as TR3/Nur77/NGFI-B and Nurrl,
which are also present in the brain (9, 16) and may play a
very important role in the nervous system.
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FIG. 4. Tree showing the structural relationship in the DBD of
TR4 orphan receptor with other members of the steroid receptor
superfamily. Amino acid sequences were compiled in the multiple
sequence alignment program PILEUP (Genetics Computer Group
sequence-analysis software). Human sequences were used except
for NURR1 (rat), RXRy (mouse), HNF4 (rat), and ELP (mouse).
GR, glucocorticoid receptor; MR, mineralocorticoid receptor; PR,
progesterone receptor; AR, androgen receptor; ER, estrogen recep-
tor; THR, thyroid hormone receptor; RAR, retinoic acid receptor;
VDR, vitamin D receptor.
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FIG. 5. Northern blot analysis of TR4 orphan receptor mRNAs
from rat various tissues. Samples (20 pg) of total RNA were run in
a 1.0% agarose gel with 2.2 M formaldehyde, transferred to a nylon
filter, and probed with a 32P-labeled rat TR4 orphan receptor cDNA.
The blot was then washed, dried, and exposed for 16 hr with
intensifying screens (20). Positions of 18S and 28S rRNA are indi-
cated as size markers.
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